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TRANSLATOR'S ABSKIACT

As part of unified research on the behavior of the fluoride ion 

in sedimentary rocks, the present study deals with the system 

CaQ-P205-HF~H20 at 2^° C, under conditions of sea sedimentation* 

The precipitated phases, their fields of crystallization and stability,, 

the fluorine-phosphorus coefficient^ and the isomorphism of fluorhydroxyl 

ions in the apatite lattice are considered and illustrated by orthogonal 

projections 0 The results lead to conclusions on fluorapatite sedimenta 

tion on phosphate shelves s with, its consequent fixation of fluorine, 

expressed in the form of an average annual balance sheet for the processes 

involved 



THE FUJORAPATITE SYSTEM OF EQUILIBRIA. IN THE 
CONDITIONS OF FORMATION OF SEDIMENTARY ROCKS I/

CX3

A* Vo Kaaakov

INTRODUCTION

The fluorine (F) of sediiaentary rocks and natural waters has 

recently attracted increasing attention There is a growing interest in 

its chemistry and geoehemistryo The causes are both practical and theoreti- 

calo Workers in sanitation and hygiene consider as one of their problems

the purification of drinking water from an excess of fluor-ion^ dangerous

2/ to the human organism0<sf In zootechnics a method is gaining application for

using- a fluorless phosphate of calcium ( I9feed precipitate88 ) in the feeding 

of animals *

The phosphate industry has begun to employ a thermal process 

for removing fluorine from phosphorites by replacing the fluor-ion in 

the apatite lattice byahydroxyl group. This gives hydroxylapatite which 

is well assimilated by plants 0

I/ A co-editor of this paper is A. Go Bergman5 PluDo in chemical sciences 0

£/ It has been proved very recently that there is danger to the human body 
"" not only in an excess of fluorine in drinking water (a content, of more 

than 2 mg/lt0 of fluorine produces tooth decay ̂ a spottiness of the enamel) 
but also in an insufficiency of it« Evidence establishes that the opti 
mal content of fluorine in drinking water must be about 1.1 mg c/lt 0 To 
obtain this content ̂ the practice was started beginning with, 19li5 to 
introduce into drinking water deficient in fluorine (e.go Lake Michigan 
and other sources) some fluorine in the form of sodium fluoride (the 
towns Newberry5 Ottawa^, etc«) sufficient to bring the content to 1.1

* Such a content seems too high - Translator,



In very recent- years a process has come into use of fluorining 

organic confounds with a view to obtaining plastics non-inflamnable and 

non-soluble in ordinary solutions^, especially resistant dyes<> and so forth

In soil-science and agricultural economics fluorine may be use 

ful in combating pests   In the llthology of sedimentary rocks fluorine 

has proved an interesting index of phosphatic and non-phosphatic facies c

4E? sayi *f wcr^^i^'l^ 23 T^Hh £&"\ £sm£iw%a 'f/*v*$'m*ii t^rf in*i n^ist^^sl <ES "f yi  I'Vi o  3U£1 JLJUpUJ!, VdulT' @JL6£i@,Q^ XOJ/nyLIlg IflJUUL^I^tssUJUD JLX& tdJL

of metamorphic rocks (i^potfe,erms,, pneumatolysiSj, etc«) and relatively 

easily replaces isomorphdeally the hydroxyl groups«

& 1 1 Hh^^caiQi /**/^T-I 0*1 ^01^23 ̂ "^ r^Tscs "Hsstr^a T\ ij^i*%Yflff%'4!' £&<r$ incs 4"Ai ^/^Ti/^i^r0 '!'' 23 sscat^T JtiJuX Sj&i@& & UUiAcs JUU.^Ju til i?JLUIfe Ilct V^ pJt OJUjypl&oU. UL35 uO UU<WJ.UX> b cl D^Ju cfc»^

rt'f6 O'VT^ otffi-^ 7nciT»4= sal *i nTr^ac?1!" "f rpSsHh T *^>^<s& trVi*^ rtVii l^a tro rnss ^^a T rf* v^*"%<S!<SS*^ V*T £a 4°^i rp£i*^Tt 23 Ui H3-Sp^«FJUlfi©Il u«aJL «UiVi@s>\?c4»goL^ri>OIJ& 9 wfHILGIl HdlV© Ui^iCl^ X u pOoodUOX© yO geijuu d

precise knowledge on the behavior of fluor^ion in sedimentary rocks 

the ways of its migration^ dispersion^ concentrationc, and formation of 

mnerals,

Our experimental research ©n the balanced fluorapatite system and 

on the isomorphism of the hydroagrlfluoride ionwarS carried out in close as 

sociation with Go Ao Markova^ who directed the analytical worko

The experiments on the fluorite- sjsterns were done with the direct 

participation of E 0 I c Sokolova and A« Ze Vainshteim, of the Laboratory 

for synthesis of minerals of sedimentary rocks 9 Institute of Geological 

Sciences (1GM) 5 Academy of SciencecS of the U^SoSoR*

The general direction of the work5 analysis of experimental 

and preparation of the present paper were made by A* V* Kaasakov*



I. GEOCHEMISTRY OF FLtfORIHE 

1, Data on fluorine and phosphorus

The history of the fluorine 'which reaches the sea basins is 

connected on the one hand -with the flow of surface waters and on the 

other* hand with the expulsion of fluorine compounds from the interior 

of the earth by volcanic eruptions*^ The migration of the fLuor-ion 

carried by water flow is most intimately related to phosphorus (phosphate- 

ion)! therefore we give in Table 1 some data on phosphorus and fluorine s 

of interest to us«,V

Conclusions

Biological entities (plants ̂ animals) ̂ being usually concen 

trators of phosphorus^ avoid the accumulation of fluorine in their organs * 

This observation applies particularly to some seaweeds (lithothamnia)^ 

which can be called in this respect fluor-f ilters » Such avoidance also 

explains the fact that the mineral part of a living bony substance con 

sists mainly of hydroxylapatite* The bony skeleton of an animal is sub 

ject to fluoridation only after the anijial's death *

This applies also to the fluorine compounds of volcanic origin which 
reach the sea basins one way or another*

The content of fluorine in cores from a drill hole near the town of 
Kazan' (sediments C$9 P^ and $2)9 *&en calculated in percentages 
of weight^ was on the average as follows?

««.«».
Dolomites **«»*..«> 
Limestones 
Anhydrides 
Gypsum «  .. «    
Clay shales » «»*

-7* 7* DamJLova^ 
191*9

Shepherd



Table ! -«»Data on phosphorus and fluorine

Sample 
no 0

1

2
3

h
5
6

7

Substance

Seaweeds
( Lithothamnia)

I. BIO

to 2,oao"1
r

Mustard family

Turnip
Cabbage

8'iQ-1
7°10~-k

leguminous plants

Lentil
Beans
Bone^ keratin
(of living
organisms )

Soils

5ao-i
xslO-1

  .

n
8,o*Hr2

Gf U*/o S

LOGICAL EM!

x?10-8

i?io-t
loO^lO"^-

lslO-3
2S10-3

.-

c SOXIS^

fr.lrlO""2

to 3S1CT2

inn v $ F

CITIES

approx 0 0*0000 x

0 C 027 ]
Oo032 J

Oo320
0«90li

from 2o202
to*0«,90lj.

from 5»5
to I6oh

Author^ year

% of living
weight |

VinogradoVj, 1932

Fersman^
1933, 253
Vinogradov^ I9k$

IIIo E&RTH CRUST

8 Earth's crust 
( atmosphere j 1:iydrosphere.
lithosphere to a depth
of 16 km,)

2l6?10-2J
s.oacr2
1.0S10"1

9.6^ Clarke^, 1920

Fersman^ 1932
Yernadskii^
1925-1930

IVo CRYSTALLINE ROCKS

9
10
11
12

13

Basalts
Granites
Peridotites
Grysto rocks
as a whole
Granitic
pegmatites

2.oao-1
1»0?10-1
6 c l?10'*t

1 0 3?10"^-

5.0-10-2

~-0

 
 

-,-

9ao"2

1
V

J

_»

79.0

Clarke^ 1920

Fersman^
1933, 282

The average content of fluorine in the soils of tT«
samples) iss 2 x 10"°^ percent (according to Vinogradov

(TABLE 1 continued on next page)



Table 1 0  Data on phosphorus and fluorine (continued)

Sample
Noo

Ik
15 
16
17

Substance

\

% P Cv "IPJo £ 100 x ~JLlL

\f ^sTTTl r M^FPKPP A T?^V^ T? f"^f"*TC ^"S

Clays ̂  slates
Sandstones 
Limestones
Sedim 0 rocks
as a whole

701^10"^

i^io^
6o5ao"

 
-,«,

 

«-vz I- I
I/To WATERS^/

18

19

20

River waters

Sea waters of
normal salinity
Relict basins

XU6'6

?«oiio~°
-co

oxa
2«0 C.10"> ^

leO^lO"^

_«

approx<, 200

870
to 3300 j

Author 9 yeary ar

Clarke^, 
1920

y
Vinogradov^

1938

An increase of concentration of fluor-ion in the waters of drying 
( wreliet*») basins and a related increase in the total content of 
fluorine in the bottom sediments occur^ - naturally,, also in sweet- 
water continental basins* Thus^ E e S 0 Zalmanson determined in 19li7 
the content of fluorine in the bottom sediments of the western half 
of Lake Balkhash as being of the order of k*2 x 10°"^ percent s and ii 
the saliferous eastern part of this lake as 9«8 x 1,07 percent e

Of considerable interest from the standpoint of lithologic facies 

and geochemistry is the so-called "fluorine-phosphorus coefficient** of rocks 

and natural waters? % F/$PpOK. According to Clarke (1920) and Berg (1932), 

this coefficient for the earth ? s crust in general is on the averages

2,65. x IP"2 % F -
x P x,2 c 29

QQ6 9

Namely £ it almost corresponds to the fluorine-phosphorus coefficient for 

fluorapatite (0 0 0893)<>

The fluorine-phosphorus coefficient for soils (averaging from 

0«05>5> to 0 011) is also close to these figures «T With the small value of
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the fluorine-phosphorus coefficient for soils , the situation appears 

at first glance paradoxical. But it can be explained by the known 

hydrolysis of fluorapatite in soils 5 brought about by the drainage of 

atmospheric waters   In this process^ according to our experimental 

findings (see below) , the fluorapatite disseminated in soils partly 

pushes the fluor-ion out into the drainage waters and replaces it by 

a hydroxyl-ion| meanwhile fluorine is carried away by the water flow0

For granitic pegmatites , usually enriched by fluorite and 

other minerals containing fluorine,, the fluorine-phosphorus coefficient 

is considerably higher^, increasing up to O c ?9 according to E 0 A 0 Fersman 

(1933)o

For fresh surf ace» waters the fluorine-phosphorus coefficient 

rises still further 9 reaching about 2 C 0 or more5 on the average «

For ocean water the fluorine-phosphorus coefficient attains 

values of the order of s

i.o x i(H* % F 0 8,70
5T5x lO-o % plTES?

In ancient or "relict11 sea basins the coefficient reaches still 

higher values <>

2o Minerals containing fluorine

Table 2 gives data on 3k known minerals containing fluorine 0 

Its examination leads to the following conclusions §

(a) The predominant majority (26) of the minerals containing 

fluorine are related to processes of the type of pneumatolysis and hypo- 

therms, in which the fluor-ion is replaced isomorphically by the hydroxyl 

ion0
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(b) Only 6 minerals are genetically related to magma*

(c) Four minerals are directly connected with vulcanogenic 

processes,,

(d) Only two minerals fluorite and fliiorapatite-=are geneti 

cally related to sea sediments of normal salinity at an early stage of 

salinification^ and three minerals  fluoborite^ schairerite^ and 

sulfohalite to processes of advanced halogenesis (salt lakes and 

drying wrelictw basins).

We shall concern ourselves in the present paper principally 

with the migration of fltior-ions in sea sediments <,
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II * CONDITIONS OF THE FORMATION OF 
FLUORAPATITE II SEDIMENTARY ROCKS

3. The system GaO-P20£-HF-H20

The present investigation of the four-component system 

^-HF«=HpO is a natural continuation and expansion of our previous 

work on the tri-component system GaO-PgO^-HpO (Kasakov^ 1937) $ carried 

out by introducing an additional component^ the fluor-ione As should 

have been expected theoretically,, three new precipitated phases are ob 

tained in this more complex systems

Fluorite o««,o C o«oooooo 

Fluorapatite o 0 « e ooo<,ooo 

Fluor-hydroxylapatite 0 <,««.<,. 

Naturally^ each of these new phases has its own fields of 

crystallization and stability<>

From the methodological standpoint this investigation proved to 

be more complicated than the study of the tri-c01155onent ^y^tem CaO»P20K»H20 e 

First of all, attention must be called to a number of analytical diffi 

culties due to the small amounts of P^O^ and partly of F e*- P

In the extreme alkaline fields of the system the equilibrated 

concentration of P>2®% declines to an infinitesimal value of the order of 

Oc005-0«001 mgo/lto P2%<> To obtain reliable results in such cases it is 

necessary to employ $ to 6 liters of equilibrated solution even when applying 

the good colorimetric method of Tsinsadze with the use of an electrophoto- 

colorimeter 0 This quantity requires in turn using large containers (5 to 

10 liters in capacity and treated with paraffin) for the reactions|
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conducting the work with oil or mercury locks on the mixers j, under con 

ditions of all possible sterilisation and of double distillation, for 

the prevention of pollution! treating the dry residue^ obtained by 

evaporation^ with hydrogen peroxide before the determination of P^O^I 

and so forth.

The fluorine was determined according to Penfield (by elimina 

tion) , with a subsequent titration with thorium nitrate o In the case of 

small concentrations of CaO (less than 5 mg«/lt«), controlling determina- 

tions were made by the nephelometric method 0

To obtain more crystallized sediments and a balanced state of 

the system^ the first phase of the process (mixing the reagents) was made 

to last from 30 to 50 hours. The second phase of the process decrease 

of residual oversaturation ( wa seasoning88 period in each experiment)  

lasted from 1 to 2 months^, with a systematic control of the liquid phase 

with respect to pH and PgOgo Moreover, the experiments themselves were 

conducted by two methods 9 which allowed studying the onset of equilibrium 

in two ways^ with respect to dissolution and with respect to crystalliza 

tion 0 It is proper to mention here that the second method is more reliable 

because the process of dissolution not infrequently ceases long before the 

onset of equilibrium in the case of exceedingly dilute solutions. ¥e 

employed principally the method of slow crystallisation^ mostly at a rate 

of about 5 mgo/it 0 PgOfJ P&^ hour. The reagents weres

(a) lime water Ga(OH)2l

(b) orthophosphoric acid H^POh.aqj

(c) the source of fluorine was mostly NaF«
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Method oJK mixing reagents

In most cases the solutions Ca(OH)p and HJ>Oi were poured simul 

taneously at a definite given speed from burets (or automatic-dosage 

instruments) into a container with a mixer 0 For a good formation (crystal^ 

lization) of precipitated phases^, we ordinarily used slow crystallisation 

at a rate of the order of 5 mg 0/lt<, PpO^ Per hour* Fluorine (as NaF or 

HF) was mostly introduced together with H^OL*

The mixing of reagents (the first phase of the reaction) usually 

continued from 2ii to 100 hoursj the second phase of the reaction (holding 

off the system until equilibrium) lasted mostly about one month«

The precipitated phases were controlled by ordinary methods of 

chemical analysis and of crystal optics$ in a number of cases the sediments 

were studied by techniques of X-ray structural analysis and of thermal 

analysis  

The system GaO-PgO^-HF-^O investigated by us has significance 

not only in interpreting the geochemistry of fluorine in sedimentary rocks 

and the origin of sedimentary fluorapatite and fluorite^, but also in 

questions of agrochemistryf the physiology of phosphate feeding of plants^ 

and the chemistry of soils* Enthusiasm over the theory of the "absorbing 

complex11 in soil sciences has in a number of cases obscured the problem 

and unfortunately has retarded the application of the theory of phase 

equilibria within the ranges of low concentrations for the study of soil 

processeso

The results of our experiments are summarized in table 3 (59 

experiments) and table k (27 experiments)* In both tables the data are 

arranged in an order from the weakly acid to the extremely alkaline fields 0



Table 3. System CaO-P205-EF-H20 at 25°C. Table 3. System CaO-P205-HF-H20 at 25°C.

Serial 
no.

1

107

49/H
48/n
227/11
28/H
51/H
13476
108
135
132
133
42/n
109
131
137
74
77
80
147
148
120
136
103
153
152
150
106
149
151
161 
102
101
43/11

155
143 I/
144 -
l4l
130
52/11
156
105
118
104
no
45/H
113
183
185
182
184
181
112
116
111 l/

/\
119 "J

Reagents
Concentrations, Mg/1

CaO

2

_,_

548
548
548
548
548
 

1294
 
 
 
 
 
 
 
 

1165
1165
914
 
 

1200
 
64i
 
 
 
64o
__
   

906
727

__
__
 
....
   

1200
__

2000
906
__
727

1000

1000
__

__

_ _
- __

 _

1000

 . 

_ .

_ 

VsPs

3

 _

1437
1437
1437
1437
1437
2000
1443
 
2000
2000
2000
 
 
2000
2000
1374
1374
1258
2000
2000
2000
2000
1416
2000
2000
2000
1416

F

4

0

0
0
0
0
0

20
43
 
10

100
50
 
 

1000
1

52
52

2000
300
350
286

5
2000
250
500
300

2000

sol 1 A v*^ "" * *EfUJLJl

1
5

__

10
10
 
 
 
10
10
 
 
 
 
5
 
 
 
10
10

9
 
 

2
 

9
 
 
 
9

2000 500 ~
2000 ' 350 __

2000 200  
1657 ; 2000 9
1258 2000 I 9

  ; 10

gr/1

6

__

 
 
 
 
--

0-2.34
 
 
 
 
 
 
 
 

0-1.55
0-1.62
0-0.23
 
 

 
 
 
 
 

0-0.168
__

_ 

0-0.087
0-0.034

_ 

Given ratios
CaO:

7

1.06:1

1:1
1:1
1:1
1:1

1.2:1
->

1.04:1
0.97:1
 
 
 

1.40:1
0.93:1
 
 

1.34:1
1.20:1
 
 
 
1:1

,  
1-.51:!
 
 
 

1.52:1

mg/1

8

__

__
.._
 
 
 
--
10
 
 
 
 
 
 
 
.-
10
10
10
--
 
 
 
10
 
 
 
20

_- i __
__ j __

2.24:1 j 10
3.88:1! 10
1.80:1! -

2000 250  
2000 400 ~   1  
 
__ -_.
-_ ...
2000 400
__ __
1000
1657
1258 2000
2000 2000
__
2000
5000
5000
5000
5000
5000
2000

__

__

  _

__
2000

750
1250

625
875
500

2000
__

k ;  
21   :  

__ i _ JP( 1 __

Ij.  m. _.»

, i.4o:l
__ -_ ' _ 

  0-0.304 i 2.24:1
  j 5:1

 
-.
__
__
__
__
20
4o

9JO-0.055 13.92:1; 20
10 0-0.170 5:1 j 10
10 -.- 12.20:11  
9 0-0.173 i 5:1
10   2.2:1
__ -_ __
__ ; __ _ 
_- i --
__ --
8 !0-0.024 100:1

_-

  10
10

~ 10

__
_..

0.55 .

20
__
__
__
__
 
10

__ i    
__ --
-- --

'

Rapidity of 
crystallization 
mg/1 P205 per/hr

9

6.9

2
28

4
quick mixing

0.4
8
5-7
6.1
8
 
8
4
6

50
8
5.5
5.5
3.1
 
 
 
8
3.13
 
 
 
3.15
__
__

0,74
0.27
4.0
._
 
 
 
__
8
__
__
0.73

0.28
4
4
4.4

50
50
50
50
50
l
5
__
__
__

expressed in 
days

10

16

36
22
17
58

Equilibrated liqi 
phase, mg/1

CaO

11

50.4

39.3
31.4
32.0
32.0

68 ' 31.4
30
32
15

7
75
60
18
12
 
30
44
33
18
8
8

12
20
18
30
20

20
16
12
13.4
l4.o
H.5
11.2
9.6
9.0
7-0
8.0
6.6

14.1
15.6
17.4
17.9
20.0
20.0
22.3
24.0

20 25-5
32 ! 27.0
50
30
20
18
24
27
30
4o

9

30.0
35.6
39.2 
43.6
44.4
44.8
49.0
50.0
51.2

18
__
30

62.4
66.7

37 1 73.1
30

7
12

7
16
38

73.6
83

106.4
107
118
139.7

22 ; 347
10 1 591
10 j 566

7 553
10 : 644

7 662
117 j 720

20 1210
1212

7 11244
25 iH99

11210

P205

12

103.0

81.5
69.8
56.0
48
43.4
9.0
9.4
5.0
3-70
3.35
3-15
3.7
3.0
0.82
0.30
0.050
0.080
0.090
0.10
0.10
0.04
0.20
0.08
0.072
0.07
0.06
0.080

0.08
__
0.036 
0.050
o.o4o
0.015
O.o4o
 
0.030
 
0.015
0.020
0.031
0.052
0.045
o.o4o
0.013
0.020
o.on
0.010

o.o4o
0.045
 
 
0.010

<o.05.
0.005
0.002
0.001

0

F

13

0

0
0
0
0
0

0.14
0.62

0
0.10
0.94
0.25

0
0

15.4
0.04
0.45
0.60
6.0
15.7
14.6
8.7

0.08
6.50
15.0
16.6
16.1
6.8

14.8
16.0
7-5 
6.8

lid 
PH'

14

6.37

; PRECIPITATED PHASES
Chemical composition _^

% CaO

i kl5

',47.30
?

6.58
6.54
6.58
6.35
6.86 J
7.08

i -

ta!69
1 49. 18

  46.67
51.17

7 1 f\ ^C1 1ST .10 jpl.pl

7.20 |49.72
7.30 §52.39
7.15 ^]51.34
7.10 §51.30
6.97
7.30
7.4o
7-'5
7-90
8.00
8.11
7.85
8.05
7.80
7.6
8.5
8.1
8.60
8.15
8.30
8.20
8.30
8.20 
9.00

7.3 1 9.16
0

15.4
13.61
16.5
14.7
14.5
15.0
 
13.5
12.1
13.0
13.4
12.0
 
6.3
6.0
5.80
6.1
6.0
6.2
4.7
0

--
2.5
2.4
0

9.24
8.71
8.67
8.5
8.12
8.75
8.62
9.02
8.80
9-50
9.58
9.60
9.7

10.5
 
 
 
 
 
 
 

>n.o
 
__

>n.o

52.94
51.40
50.23
52.51
52.15
51.82
49.81
50.03
50.57
50.35
53.54
53.31
5lf35

50v30
50.83
50.83
50.47
52.43 
51.00
48.84
58 ..06
51.36
55.40

~f 
 
_-

52.05
54.07
52.20
53.69
52.68
51.74
53.28
53.23
53.44
53-14
52.85
52.44
52.66
52.83
~
 
__
 
__

% Ps05 % F

16 . 17

40.95

47.63
43.58
43.23
 

42.53
41.77
39-23
44.52
39.62
39.29

! 40.65
! 4o.52
i 4i.o6
1 33.92
. 39.63
. 38.16
; 36.01

33.92   36.08
37.21
37.52
39.24
32.87
37.16
29-33
35-77
35.89
33-57
32.01
34.59 
29.88
28.58
40.20
33.22
28.40
 
 
 

35.33
4o.07
23.06
50.83
25.96
25.83
27.24
4o.o8
29.15
32.38
28.32
28.27
27.90
32.03
 
 
-.-
 
 

0

0
0
0
 
0
0.56
1.31
0
0.25
1.92
0.95
0
0

10.61
0.05
1.20
1.64
3.00
4.50
5.50
3.51
0.15
3-00
5.85
9.52
5.98
3.10
8.10
5.88
3.24 
2.70
 
0
5.88
10.6o
 
 
_-
6.68
0
15.0
4.03
4.38
5.25
4.73
0
2.87
3.28
3.70
2.42
3.27
3-70
 
 
 
 
 

f> undlssoived. 
sediments

18

0.58

0
0
0
 
 
0.08
0.07
0.52
0.16
0
0
0
0.31
0
0
0.08
0.16
0
0
0
0
0.12
0.47
0.02
0
0
0.36
o
0
0
0.06
0.51
 
0.03
0.05
 
 
 
 
 
0.03
0.44
o.n
0.53
0
 
0.61
0.01
1.07
0.71
1.00
0.36
~
 
_-
 
 

p.p.p.j,/
900°/100°C. *  * *-

19 20 21

10.95
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24

Ca3P208 'H20 +
+ CaHP04 *2H20

Same
Ca3P208 -H20

"
"
n

Ca3P208 «H20 + CaF2
Ca3P208 -H20
Cas(P04 )3 -(F,OH)

n
it

Ca5 (P04 )3OH
it

Ca5 (P04 )3F + CaF2
Ca5 (P04 )3 (F,OH)

ii
"

Close to Cas(P04 )3F
Ca5(P04 )3F + CaF2

n
Ca5 (P04 )3F
Ca5(P04 )3 (F,OH)
Ca5 (P04 )3P
Ca5 (P04 )3F + CaF2

"
n

Close to Cas(P04 )3F
Cag(P04 )3F + CaF2

11

]cas(P04 )3F

Ca5(P04 )3F + CaF2
Cas (P04 )3OH
Ca5 (PO4 )3F + CaF2

n

it

"

n

ti

Cas(P04 )3OH
Ca5 (P04 )3F + CaF2

n

n

it

it

Ca5 (P04 )3OH
Ca5 (P04 )3F + CaF2

"
11

Cas (P04 )3 (F,OH)
Cas (P04 )3F + CaF2

n
"

Ca5 (P04 )3OH + Ca(OH) 2
 ^Triple detfxsi^f

Ca5 (P04 )3F +
J+ CaF2 + Ca(OH)2

Ca(OH)2

I/ Taken from the literature for 25°C. and verified.

0*
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In all 5 we conducted and analyzed 86 lengthy experiments covering 

fields within a broad range of values of pH (from 6 to 12) and of equipon 

derant concentrations (from 103 to 0 0 001 mg«/lt 0 ?2®$9 and from ° to ?90 

mgo/lto F) 0

After the equilibrated systems used in these experiments were 

filtered^ we conducted 231 quantitative determinations of CaO^ Po®1^ an£* 

F in the liquid phases and 3k9 quantitative analytical determinations in 

the solid phases 9 not counting control determinations within the pro 

cedures of the experiments themselves*

Figure 1 shows the orthogonal projection of a three-dimensional 

model of the given system^, made upon the vertical plane of coordinates 

GaO and P?0^. Figure 2 gives the same projection upon the horizontal 

plane of the coordinates CaO and Fo Figure 3 presents the system in the 

plane of the coordinates pH and POo

Characterization of the solid phases of the system 
and of the fields of their stability

The system CaO-P2(V-HF-H20 (isotherm 25°C«) was found to have 

in the fields of low concentrations of Pp®^ seven precipitated phases^
!

among which fluor-hydrox^Lapatite is a phase of variable composition.
i 

(lee table £-)*

5* Isomorphism of fluor-hydroxyl ions 
in the apatite lattice

The introduction of the fluor-ion component into the system 

CaO-^Ocj-H^O considerably changes its appearance in the alkaline fields 

as well as the composition of bottom sediments because the fluor~ion enters 

into the crystal lattice of hydroxylapatite^ forming first of all a wide
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<M)0Ul If 30

Scales X cm~10 ^fcg/lt CaO
CaO rag/liter

Figure !  --System of the equilibria of CaO-P2Q5-HF-H20 at 25°C in the neutral 
and alkaline fields e Orthogonal projection upon the coordinate plane CaO- 
P205 mg/liter 0 Symbols are the same for figure 2 0

Precipitated phases 
1,, * CaHP04*2H20 (monetite) 5,
2 e 9 Ca3F208 eH20 (tricalcium-phosphate) 6,
3o ° Ca5 (P04 )3OH (hydroxylapatite)
k 0   Ca5 (P04 )3 (F ? OH) (fluorhydroxylapatite) 7,

Ca5 (P04)3F (fluorapatite)
Ca5 (P04 )3F + CaF2 
(fluorapatite + fluorite) 
CaF3 (fluorite) 
Ca(OH)3 (calcium hydroxide)



Of I 6*10

-O,Figure 2.--System CaQ-P2G5-HF-H20 at 25 C 
coordinate plane CaO-F mga/liter.

Projection upon the
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field of isomorphic mixtures (fluor-hydroxylapatite), as shown on Figure 25 

field ABCDo

With a greater increase of the concentration of fluorine in the 

balanced liquid phases f tip to a content of 1 to 7 mg«/lt e (namely 1 mg 0/lt» 

F in the extreme right alkaline fields $ and 7 mgo/lt* F in the almost 

neutral 9 left fields on Fig* 2), the content of fluorine in the bottom 

sediments also increases and reaches the content of the normal sediments 

of fluorapatite^ with a ratio (% F ? % $2°^ x 10° s **.93 (Fig* 2, field 

CDEF) 0

A further increase of the content of fluorine in the system at
!

first does not result in the formation of new precipitated phases , until 

the balanced liquid phase has reached concentrations up to 2 0£ mg 0/lto of 

fluor-ion in the extreme alkaline fields and concentrations up to 17 mgo/lt 

F in the extreme left neutral fields (Figo 25 line EF)o From this moment 9 

however 5 fluorite begins to settle upon the precipitated phases f together ' 

with fluorapatite, forming the field ESUG of the double sediments

Finally^, with a further increase of fluor-ion content in the 

liquidus and a decrease of P2%^ a narrow field is formed by the sediments 

of fluorite alone (Figo 2^ line GH) e

For a fuller clarification of the regularities governing the 

process of fluoridation of hydroxylapatitep we have siammarised in Table 6 

and Figure h experimental data on the coefficients of fluoridation^ the 

interphase distribution of fluorine^ and the double points Ca^(POh)^F -fr GaFp« 

These data are taken from experiments made within the fields having values 

pH = 8 0 0 £ 0<,5^ 9of> 4^ and 10, corresponding concentrations JjO, ^0 to 100^ 

and 600 ag./lt« of CaO^ and variable quantities of fluorine in the liquidus «>
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Figure ^ 0 »-Diagram, of the isomorphism of hydroxyl-fluor-ions 
in the lattice of apatite (isotherm of 25° C 8 ) 9



Figure k was plotted as follows g On the abscissa we measured 

the equilibrated content of fluor-ion in the solution in units of rag  of

fluorine per literj the scale of the abscissa is 10 v^ig7/lC7~F7^ On the 

ordinate we plotted the corresponding percentage content of fluorine in 

the precipitated phases^ expressed in units of the coefficient (% Fs % ^2 

relative to % ^^t* This coefficient k for normal fluorapatite is 

(3o77 $F)s(^2.22 % P^OK) = 0*0893. The scale for values on the ordinate
&« c*r

in Figure k is 10 \X~100UTor 10 >

An analysis of the curve of inter-phase distribution of fluorine 

in the system GaO-PpCV-HF-E^O shows that an augmentation of the content of 

fluor-ion in the solutions of the system is accompanied by a very rapid 

increase of its content in the precipitated phase. The curve of the 

isomorphic replacement of the hydroxyl-ion ty fluorine has the shape of 

a hyperbola (curve I, Fig* Ij.).

"When, a 100-percent fluoridation is reachedj, the curve of sediments 

of normal fluorapatite becomes a -.segmsnt of a straight line disposed parallel 

to the abscissa axis, until the content of fluorine in the solution attains&

a certain limit-value which marks the start of the precipitation of fluorite 

GaF2« Beginning with th© latter moment a further addition of fluor-ion to 

the system ceases to increase the balanced concentration of fluorine in 

the solution^ and the entire fluorine residue settles in the form of CaFpj, 

producing a two-phase sediment CaK(PO|4)oF 4 GaF2* This moment of transi 

tion appears on the diagram as a sharp break in the curve of fluorine dis 

tribution and its change into a straight vertical line,

It is relevant here to cite some data from the papers of Professor 

Do P. Grigor^ev (1935 and others) on the synthesis of magnesial-ferric micas, 

whose hydroxyl group can be fully replaced by fluorine. ¥e give the isomorphic
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  *

end-series of the micas of this type^ studied synthetical^

Phlogopite e * o»«oo«o*«ooo«oo«« of rom
"[to KMg3AlSi3010F2 

Biotite (according to
Morossevicho   o o   o * ; « « off rom K(Mg^ Fe

\to K(Myg 5, Fe '  

Do Po Grigor'ev (1935) notes correctly s Min artificial micas 

the fluorine must take the places of the hydroxyl group*, as is actually 

confirmed by X-ray investigations* o 00 w (p«

60 Geologic-genetic interpretation of the fluorapatite system

In sea basins of normal salinity there is a widespread process 

of fluorine fixation^, consisting in the deposition of fluorapatite in areas 

of phosphatic shelves | it is examined in detail in the paper of A e V e Kazakov 

(1939) e This process of phosphorite formation is the first stage of the 

separation of fluorine in the cycle of development of sea-bottom litho-

The average content of phosphorus and fluorine in natural waters 

is given in Table 7«

It is interesting to express the process of fluorapatite sedi 

mentation^ with its fixation of fluorine^, in the concrete form of an average 

annual balance-sheet^ based on the tonnage and salt mass of world- wide 

yearly river- water discharge,, We give average figures «

Annual evaporation from the entire hydrospheres 1^28^000 ioa^o 
(according to Knipovich, 1938)

Average annual quantity of precipitation over dry lands 106^822 

Annual discharge of river waters into seas and oceans g 26^700 km-%

Annual emission^ in solution^ by river waters into the world 
oceans P0oo»«o 0<»» oc ««oooabout 1 million tons

5*3 million tons 0
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Table 7. Average content of phosphorus and fluorine in natural
waters (Vinogradov^ 1938)

World oceans

Volga 
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Don

Average

P2%
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If we take for the basis of calculations the readjustable equilibrium 

of salt composition and salt mass in the world 1 s oceans/ established during 

geologic time; as set forth by V0 I 0 VernadskH an^ others 9 we can consider 

that; on the average^, all this mass of phosphorus^ namely 5 about 1; million 

tons of phosphorites (taking provisionally their content to be 25 percent 

is sediraented annually from the water mass of the world-oceans upon 

respective "phosphate shelves 11 in one or another degree of concentration and 

dispersiono

With the given chemosedimentation of phosphorites; these minerals 

capture (for saturating with fluorine the apatite lattice of the phosphate 

substance of phosphorites) about 90 thousand tons of fluorine<» which consti-
vi

tnteS; however, only about 1.7 percent of its annual discharge by river waters c

Thus 5 the larger part of fluorine excess is concentrated in the 

world ! s oceans up to an average content of 1 mg«/lt« A further increase in 

the concentration of fluorine is limited by the removal of fluorine from 

the world 8 s oceans under conditions of "relict0 basing mainly in the form of 

fluorite, which reminds us of the fate of the other haloids,, chlorine and bromine,


